Flicker stimuli of variable frequency (2-90 Hz) elicit a steady-state visual-evoked response (SSVER) in the electroencephalogram (EEG) with the same frequency as the stimulus. In humans, the amplitude of this response peaks at ϳ15 Hz, decreasing at higher stimulation frequencies. It was not known whether this peak response corresponds to increased synaptic activity in the visual cortex or to other mechanisms [for instance, the temporal coherence (phase summation) of evoked responses]. We studied the SSVER in 16 normal volunteers by means of visual stimulation at 14 different frequencies (from 5 to 60 Hz) while recording the EEG. In nine subjects of the group, we measured regional cerebral blood flow (rCBF) with positron emission tomography (PET)-H 2 15 O at rest and during visual stimulation at five different frequencies: 5, 10, 15, 25, and 40 Hz. We confirmed that the amplitude of the SSVER in occipital regions peaks at 15 Hz stimulation. Applying to the PET rCBF data a contrast weighted by the amplitude of the SSVER, we determined that the primary visual cortex rCBF follows an activation pattern similar to the SSVER. This finding suggests that the amplitude of the SSVER corresponds to increased synaptic activity, specifically in Brodmann's area 17. Additionally, this study showed that visual stimulation at 40 Hz causes selective activation of the macular region of the visual cortex, and that a region in the dorsal aspect of the Crus I lobule of the left cerebellar hemisphere is activated during repetitive visual stimulation.
Introduction
Flicker stimuli of variable frequency (2-70 Hz) evoke an oscillatory response with the same frequency as the stimulus rate in areas 17 and 18 of the cat visual cortex (Rager and Singer, 1998) and in the human lateral geniculate body and visual cortex (Krolak-Salmon et al., 2003) . Similarly, in EEG recordings in humans, a few hundred milliseconds after the onset of repetitive stimulation, a steady-state visual-evoked response (SSVER) appears in the occipital leads (Regan, 1966) . The amplitude of the response is not the same for all stimulation frequencies. Flickering light at frequencies from 1 to 100 Hz in 1 Hz steps elicited steady-state oscillations with the largest amplitude at ϳ15 Hz (Herrmann, 2001) . Repetitive visual stimulation at ϳ15 Hz is most effective in eliciting generalized photoparoxysmal responses, another indication of the propensity for visual neuronal networks to resonate at this frequency (Takahashi and Tsukahara, 1998; da Silva et al., 1999) .
The mechanisms underlying SSVER amplitude in humans continue to be debated. The increment of the SSVER amplitude observed at ϳ15 Hz could result merely from the overlapping of early components of the visual-evoked potential (VEP), because in the auditory system, the formation of steady-state responses was postulated to result from the superimposition of transient auditory middle-latency components (Basar et al., 1987; Santarelli et al., 1995; Gutschalk et al., 1999) . Or, as with other eventrelated potentials, the SSVER could represent stimulus-induced resetting of the phase of ongoing field potential oscillations or reflect changes in the activity of neuronal assemblies (Makeig et al., 2002) . It is also possible that several mechanisms are involved, and even that the topography of each is different. An increase in the activity of neuronal assemblies, with increased synaptic activity, would be reflected in a rise in regional cerebral blood flow (rCBF) (Pastor et al., 2002) . However, recording rCBF changes with positron emission tomography (PET) during repetitive visual stimulation, the maximal rCBF response was obtained at ϳ8 Hz, declining in amplitude at higher frequencies (Fox and Raichle, 1985; Mentis et al., 1997) . Thus, the rCBF behavior seems to differ from the EEG responses, with the highest at stimulation frequencies of ϳ15 Hz. To try to clarify this paradox, we studied SSVER and rCBF in the same subjects, hypothesizing that the apparent discrepancy could be attributable to a different topography of the two responses.
Repetitive stimulation at 40 Hz merits study, because this frequency seems to play a role in visual perception and sensory integration. In areas 17 and 18 of the cat visual cortex, the firing probability of neurons, in response to the presentation of optimally aligned light bars within their receptive field, oscillates with a peak frequency near 40 Hz (Gray et al., 1989) . In humans, oscillatory EEG activity at 40 Hz has been detected phase-locked to nonoscillatory visual stimuli (Tallon-Baudry et al., 1996) . In another sensory modality, 40 Hz auditory stimulation elicits the greatest amplitude-evoked response (Galambos et al., 1981) . We included stimulation at 40 Hz in our study.
Materials and Methods
Subjects. We studied 16 normal volunteers (nine females, seven males; mean age, 29.3; SD, 4.3) with no history of ophthalmological or neurological disease and normal general and neurological examinations. All subjects were right-handed according to the Edinburgh Handedness Inventory (Oldfield, 1971) . The protocol was approved by the Ethics Committee of the hospital of the University of Navarra, and all subjects gave their written informed consent for the study, according to the declaration of Helsinki, after its nature was fully explained to them.
Electroencephalographic study. Steady-state VEPs during wakefulness were recorded at 21 scalp locations (10 -20 EEG international system), and all referred to a balanced noncephalic reference. Electrode impedance was kept at Ͻ5 ⍀. The stimuli were white flashes delivered by a strobe lamp with an intensity of 10 lumen/sec/ft 2 and a duration of 50 sec. We asked the subject to fixate on a point placed 70 cm ahead. The frequency was defined as the number of flashes presented binocularly per second and was controlled by varying the interval between flash pulses. The luminous intensity of each flash remained constant. Increasing flash frequency by decreasing the flash interval resulted in a steadily increasing luminance. The interflash intervals were varied to give flash frequencies of 5, 10, 12, 15, 17, 20, 22, 25, 27, 30, 35, 40, 47, and 60 Hz. Responses were bandpass filtered between 1 and 500 Hz. A total of 500 responses, in epochs of 500 msec, were averaged for each stimulus frequency. Individual 500 msec trials that contained blink or EMG artifacts were rejected from additional analysis. On the SSVER obtained at each of the 21 electrodes, a fast Fourier transform (FFT) was performed for each stimulation frequency (see Fig. 1 ). Thus, the dominant frequencies of power spectra were determined for all stimulation frequencies and electrodes. We then measured the amplitude (square root of power) of the fundamental frequency for each of the electrodes and frequencies in each subject. Isopotential maps of the visual-evoked potentials were obtained using a Brain Atlas-III (Biologic, Mundelein, IL) that made a four point linear interpolation at 0.5 msec intervals. An FFT brain map was obtained for each stimulus rate and frequency peak (see Fig. 2 ). The highest amplitude of the SSVER was recorded at O1, O2, and Oz (see Figs. 1, 2) . Thus, we averaged the amplitude at these three occipital electrodes to compare it with the rCBF data. How this comparison was performed [statistical parametric mapping (SPM) contrast weighted by the amplitude of the SSVER] is described in the next section.
PET procedure. In nine subjects of the group (four females, five males; mean age, 30.4; SD, 4.8; selected on the basis of availability and also on the basis of whose EEG data were no different from the entire group of 16 subjects), we measured rCBF with PET-H 2
15
O at rest and during visual stimulation at five different frequencies: 5, 10, 15, 25, and 40 Hz. We chose the visual stimulation frequencies for the PET study among the relevant EEG steady-state responses: 5 Hz as a low frequency, 10 Hz as the occipital activity at rest, 15 Hz as the highest-amplitude SSVER and sensitization frequency for photo-paroxysmal responses, 25 Hz as inducing the highest response in frontal areas (F3 and F4), and 40 Hz as the frequency that produced the largest steady-state auditory responses and those that were most frequently recorded in the human occipital cortex during tasks involving visual integration, as described in the Introduction.
The PET scans were performed with an ECAT EXACT HRϩ (Siemens-CTI, Knoxville, TN) that collected 63 simultaneous parallel planes over a 15.2 cm axial field of view. The tomographic resolution was 4.5 mm. Transmission scanning was done before radiopharmaceutical injection using three rotating rods ( 68 Ge source). The entire intracranial volume was included in the field of view.
The subjects lay comfortably in a supine position in a room that was dimly and uniformly lit. A small catheter was placed in the left cubital vein for the injection of the radioisotope. Series of flashes were delivered from a stroboscope placed 40 cm away and facing the subject. Each subject underwent six consecutive scans at 20 min intervals, one at rest and one for each frequency of visual stimulation (5, 10, 15, 25, and 40 Hz) . The order of the different frequency stimulation and baseline scans was randomized across subjects to avoid an order effect. We controlled for arousal by checking that the subject was awake before every scanning session. For the baseline scan, subjects lay quietly. After 60 sec at rest, or after onset of visual stimulation for the stimulation conditions, subjects received 370 MBq of H 2 15 O as an intravenous bolus. Scans were initiated automatically when the radioactive count rate in the brain reached a threshold value of 100 kilocounts/sec, ϳ20 sec after intravenous injection, and continued for 60 sec. Visual stimulation was maintained during scanning. Emission data were corrected for attenuation by means of a transmission scan. There were no explicit task requirements.
PET scans were analyzed using SPM2b (an update of SPM99; Wellcome Department of Cognitive Neurology, London, UK) (Friston et al., 1995b (Friston et al., , 1996 on a Matlab 5.3 platform (Mathworks, Natick, MA). Head movement was corrected by rigid alignment (Friston et al., 1995a) . The scans were then spatially normalized using the template from the Montreal Neurological Institute series and the reference system given in the Talairach and Tournoux atlas (Talairach and Tournoux, 1988) . All of the scans were smoothed using a Gaussian filter set at 10 mm full-width at half-maximum in plane to increase the signal-to-noise ratio.
Data were analyzed after construction of a design matrix for the analysis of group data for conditions and covariates. All scans were subjected to an analysis of covariance (ANCOVA). This procedure removes the confounding effect of differences in global activity across scans and normalizes global activity (measured as radioactive counts) to a notional mean rCBF of 50 ml ⅐ dl Ϫ1 ⅐ min
Ϫ1
. For each voxel, the ANCOVA generated six conditionspecific mean rCBF values and associated error variances.
With SPM, we compared the mean blood flow elicited by the different stimulation frequencies on a voxel-to-voxel basis, applying the t test to each and every voxel. The condition means were weighted by the appropriate contrast, generating a statistical parametric map of the t values. A p value was computed for each t score. To make inferences about stimulusfrequency-dependent rCBF responses, and thereby test our hypotheses, we specified a series of contrasts pertaining to the condition-specific effects, as follows: (1) First, we compared rCBF visual-evoked responses across all frequencies relative to rest. We used the ensuing (T) statistical parametric map (from which we derived Z scores for tabular reporting) to identify the visual cortex region showing the greatest rCBF response. (2) To assess the correlation between the EEG response and rCBF in the visual cortex activated in the previous contrast, we specified a second contrast. Its weights were obtained by linear interpolation for the five frequencies used in the PET experiment from the FFT fundamental frequency amplitude of the occipital SSVER, using the grand average of the group tested with PET. The resulting five amplitudes were then mean corrected to a mean of 0, and the rest condition was discounted using a contrast weight of 0. Thus, the contrast tested the hypothesis that the EEG steady-state response could predict rCBF activation. The contrasts weighted were: 0, Ϫ1.16, 0.14, 2.14, 0.54, and Ϫ1.66. It is important to note that this contrast is orthogonal with the previous contrast applied. In other words, the identification of the voxels most responsive to visual stimuli is independent of frequency-specific effects. (3) To test the hypothesis that 40 Hz stimulation may activate visual areas differently from the other frequencies, we compared stimulation at each frequency with rest.
We used a false discovery rate (FDR)-corrected threshold of p Ͻ 0.01. FDR is a statistical technique that corrects for multiple hypotheses testing by controlling the expected proportion of the rejected hypotheses that are falsely rejected (Genovese et al., 2002) . For contrast 2, we corrected for the volume of interest (a sphere with a radius of 40 mm, centered at x ϭ 0; y ϭ Ϫ84; z ϭ 0) and used a threshold of p Ͻ 0.001, because our inferences were restricted to the cerebral visual areas activated by contrast 1, and contrast 2 is orthogonal to contrast 1. To simplify the presentation of the data, only clusters with a size [number of voxels in a cluster (k)] of Ͼ60 are shown in the figures and listed in Table 1 .
Results

Electroencephalographic study
An oscillatory EEG response, phase-locked with the presented flash frequency, was recorded at 5, 10, 12, 15, 17, 20, 22, 25, 27, 30, 35, 40, 47 , and 60 Hz. As a result of a rapidly repeated visual stimulus application, an initial transient response evolved into a steady-state waveform with the same frequency as the stimulus, as illustrated in Figures 1 and 2 . The oscillatory response reached the greatest amplitude at ϳ15 Hz in the occipital area and at 25 Hz in frontal areas and subsequently decreased at higher click rates.
PET studies
Contrast 1
Compared with rest, repetitive visual stimulation with all five frequencies, considered as a group, increased the rCBF in primary and association visual cortex, mostly of the occipital lobe but reaching into the temporal and parietal lobes. Specific values [cluster size (k); t and Z scores; p value] for brain regions with significant changes in rCBF and their coordinates in standard stereotaxic space (Talairach and Tournoux, 1988) are listed in Table 1 . Figure 3 shows the anatomical location of the activated voxel clusters (in red), projected on a rendered image of the cerebral hemispheres. Because we only considered clusters with a size (k) of Ͼ60, smaller activated clusters in the right inferior parietal lobule, right inferior temporal gyrus, and Crus I of the left cerebellar hemisphere are not shown in Figure 3 or listed in Table  1 . In the voxel maximally activated in the visual area [x ϭ 12; y ϭ Ϫ78; z ϭ 6], the plot of effect size illustrates the rCBF rise during repetitive visual stimulation at each of the five frequencies compared with the rest condition (Fig. 3A) .
Contrast 2
The contrast weighted by the amplitude of the SSVER, which illustrates the correlation between the EEG response and changes in rCBF, disclosed a cluster located in pericalcarine occipital visual cortex [Brodmann's area (BA) 17, primary visual area (V1)]. Specific values [cluster size (k), t and Z scores; p values] for the region with significant changes in rCBF and its coordinates in standard stereotaxic space (Talairach and Tournoux, 1988) are listed in Table 1 . Figure 3 shows in green (which, in most areas, appears in yellow because of the intersection with the red for contrast 1) the cluster activated by this contrast. The plot of effect size in the maximally activated voxel illustrates the activity at rest and in the five visual stimulation conditions (Fig. 3B) .
Contrast 3
With a pattern similar to contrast 1 (Fig. 3A) , stimulation at 5, 10, 15, and 25 Hz activated both primary and association visual cortex in a wide region with the base at the occipital pole and the vertex at the anterior extent of the calcarine sulcus, at its junction with the parieto-occipital sulcus. A different pattern was elicited by stimulation at 40 Hz compared with rest, which activated only The amplitude of the occipital SSVER, expressed in microvolts, reached a maximum at ϳ15 Hz and then fell with a plateau up to 27 Hz, declining at higher frequencies.
the most posterior portion of the primary visual and association cortex (BA 17, 18), with a larger cluster on the right hemisphere (Fig. 4) . The result for 40 Hz stimulation was obtained by applying a threshold of p ϭ 0.001, correcting for a volume similar to the one described in Materials and Methods for contrast 2. The cortex in anterior visual regions was not activated by 40 Hz stimulation even when the significance level of the SMP analysis was lowered to an uncorrected p value of 0.1 (data not shown). In addition, stimulation at 5 (Fig. 5 ) and 10 Hz [elicited using a p value of 0.05 (FDR-corrected)] activated a region in the dorsal aspect of Crus I of the left cerebellar hemisphere.
Discussion
Electroencephalographic study
The findings of our study agree with previous studies showing a peak at ϳ15 Hz in the SSVER recorded by EEG and induced by repetitive stimulation (Takahashi and Tsukahara, 1998; Herrmann, 2001) . Unlike Herrmann, we did not sample frequencies above 60 Hz, which in his study elicited small amplitude responses. For the reasons mentioned in the Introduction, we were mainly interested in correlating the EEG and rCBF responses below 25 and at 40 Hz.
PET study Activation by stimulation at the various frequencies (contrasts 1 and 2)
As expected, the visual primary and association areas were activated by visual stimulation at all of the frequencies explored, taken as a group. In the voxel of greatest activation in this cluster (maxima voxel), the behavior of the rCBF with each of the stimulation frequencies followed the pattern described by Fox and Raichle (1985) and by Mentis et al. (1997) (Fig. 3A) . Although they had recorded peak rCBF at 7-8 Hz stimulation rates, we observed the highest rCBF at the maxima voxel with 5 Hz stimulation, probably because we did not stimulate at 7-8 Hz but rather bracketed this region using 5 and 10 Hz. In the maxima voxel of this cluster, the rise in rCBF declined progressively at stimulation frequencies of 25 and 40 Hz (Fig. 3A) . Of course, the behavior of this cluster does not necessarily represent the behavior of all of the voxels in the region activated, as contrast 2 shows. Indeed, using PET, Fox and Raichle (1985) have already noted that maximum rCBF responses could occur with ϳ15 Hz stimulation, the same frequency eliciting peak EEG responses. To explore this issue, we performed contrast 2, weighted for the power of the EEG SSVER at the different frequencies.
With contrast 2, an area of specific activation appeared in primary visual cortex (Fig. 3 , area marked in green-yellow, Table  1 ). The shape and orientation of the activated area follow the outline of the calcarine sulcus, from its anterior portion, near its junction with the parieto-occipital sulcus, to the occipital pole. It encompasses the cortical representation of both the peripheral retina and the macular region. Thus, there is indeed an area of the visual cortex in which the rCBF follows the same pattern of activation as the EEG SSVER with regard to the repetitive stimulation frequencies studied in this report. That the activation is confined to the primary visual area seems to support previous electrophysiological work in the awake monkey concluding that the surface VEP to passive, binocular flash reflects activation of parvocellular thalamorecipient laminas of area 17 (Schroeder et al., 1989) . It could be postulated that because contrast 2 links cortical activation with the peak amplitude of the SSVER at each of a series of stimulation frequencies, the voxels responsible for the production of the largest components of the SSVER are in V1. The rest of the cortex would be activated differentially, depending on the frequency applied. This explanation could be at least partially true, but it should not be concluded that V1 is responsible for the SSVER in humans. Our single-frequency stimulation contrast 3 showed that 40 Hz stimulation did not activate the anterior portion of V1. Therefore, at least with 40 Hz stimulation, a portion of V1 highlighted in contrast 2 was not responsible for the production of the SSVER. Moreover, in the cat, entrainment of cortical neurons to produce an SSVER occurs both in area 17 and in area 18 (Rager and Singer, 1998) . In humans, the amplitude of the SSVER increases with attention (Muller and Hillyard, 2000) . Studies of selective attention in the macaque seemed to suggest that V1 is not involved in SSVER generation, because increased neuronal firing occurred in extrastriate areas but not in V1 (Luck et al., 1997; McAdams and Maunsell, 1999) . However, more recent studies in humans have shown that attention induces functional magnetic resonance imaging blood oxygen level-dependent changes to a similar extent in V1 and neighboring extrastriate cortex (Ress et al., 2000; Di Russo et al., 2003) . Moreover, direct cortical recordings of the SSVER in humans, sampling mostly pericalcarine and inferior visual regions, detected synchronous oscillations in pericalcarine cortex but not in the extrastriate occipitotemporal visual cortex, a finding entirely compatible with the results of contrast 2 (Krolak- Salmon et al., 2003) . Although the mechanism responsible for the remarkable topography of rCBF activation linked to the SSVER amplitude needs additional elucidation, our study does suggest that in humans, the peak amplitude of the SSVER reflects the activation of primary visual cortex neurons and is not merely the result of an overlapping of the early components of the visual evoked potential. 
Activation by stimulation at 40 Hz compared with other frequencies (contrast 3)
The pattern of activation with 40 Hz stimulation, compared with activation by other frequencies, is remarkable. Whereas the other frequencies activated an approximately pyramidal volume, with its vertex at the anterior tip of the calcarine fissure and the base at the occipital pole (Fig. 3, marked in red) , 40 Hz stimulation activated only the primary and association cortex representing the macular region of the retina (Fig. 4) . This region participates in tasks such as reading, which requires a greater interaction with Wernicke's area and other cortical structures involved in this task (Gaillard et al., 2003) . Because stimulation at 40 Hz activated visual cortex less vigorously than the other frequencies explored, this finding could be interpreted as simply resulting from partial activation of the entire visual region, with a greater activation of the macular region. However, the anterior part of the visual cortex, in the area of representation of the peripheral retina, did not 12.6; 10 Hz, 10.4; 15 Hz, 10.6; 25 Hz, 7.5; and 40 Hz, 4.8 . B, In green (because of the intersection with red, it often appears yellow), activation in the contrast weighted by the amplitude of the EEG occipital SSVER (contrast 2). Note that unlike the rendered images that project threedimensional activation, the canonical image (bottom right) depicts activation exclusively in the plane of section, and therefore only a partial area of activation is shown. The corresponding plot of effect size in the voxel of greatest activation (x, Ϫ6; y, Ϫ74; z, 2; indicated by the arrow) is depicted below the rendered image. The sizes of effects at the different stimulation frequencies compared with no stimulation are as follows : 5 Hz, 8.4; 10 Hz, 9.2; 15 Hz, 10.7; 25 Hz, 7; and 40 Hz, 0.3 . Other data are given in Table 1 . (x, 14; y, Ϫ78; z, 6; arrowheads) and the cerebellum (x, Ϫ32; y, Ϫ88; z, Ϫ26; arrows). The charts at the bottom depict the effect size of the parameter estimates in the voxels of greatest activation at 5 Hz stimulation for stimulation at all five frequencies used in the experiment. Note that the patterns of occipital and cerebellar activation are quite similar, and that the voxels maximally activated in each area are crossed.
appear activated even when the p value of the SPM contrast was lowered to an uncorrected p value of 0.1. Isolated macular cortex activation by 40 Hz probably reflects the specific activation of the retinal cones represented in this cortical region and the lack of activation of the rods of the peripheral retina by stimulation at frequencies of Ͼ30 Hz, a phenomenon well documented by electroretinography (Marmor et al., 1989) . It also may reflect the more selective activation of receptive visual fields by stimulation at 40 Hz than by stimulation at lower frequencies, as shown in vitro on guinea pig visual cortex slices (Contreras and Llinas, 2001) . In contrast to stimuli at 10 Hz, which produced a lateral spread of excitation through the cortex, repetitive stimulation at ϳ40 Hz rapidly restrained the area of excitation to a small columnar site connected with the white matter that fiber stimulated (Contreras and Llinas, 2001 ). However, because we did not sample stimulation frequencies that were ϳ40 Hz (for instance, 30 and 60 Hz), it is possible that neighboring frequencies might produce a similar cortical rCBF activation pattern.
In addition, comparison of the various stimulation frequencies shows that within a narrow band of luminance, the extent of cortical activation does not correlate with the luminance of the stimulus but depends on the stimulation rate. In our experiment, 40 Hz stimulation, using the greatest amount of lumens per second per square foot, activated the smallest portion of the striate and peristriate cortex.
Cerebellar activation (contrast 3)
Stimulation at 5 Hz, the frequency that caused the greatest rise in visual cortex rCBF, resulted in activation of a region in the dorsal aspect of Crus I of the left cerebellar hemisphere, according to the anatomical terminology proposed by Schmahmann et al. (1999) (Fig. 5, arrows) . When a significance level of 0.05 FDR-corrected was applied, a smaller area in the same location also appeared to be activated at 10 Hz stimulation. Interestingly, the voxels that were maximally activated in the occipital region were located in the right hemisphere, whereas the activated cerebellar cluster was on the left, and the pattern of activation at the different frequencies was parallel in both areas (Fig. 5) . These findings seem to support the participation of the cerebellum in visual processing. Less well known than its role in motor control, the cerebellum also plays a role in visual perception. It is activated by visually presented moving dots (Dupont et al., 1994) . The left paravermian region and the left cerebellar hemisphere, in the region outlined in our study, were activated by the task of judging the accuracy of line bisection (the Landmark task), a visual sensory task (Fink et al., 2001) .
In summary, a selective area of the visual cortex, the primary visual area (BA 17) is specifically activated with a pattern that parallels the pattern of the power of the amplitudes of the SSVER elicited by visual stimulation at 5, 10, 15, 25, and 40 Hz. This finding suggests that the peak amplitude SSVER corresponds to a true activation of neuronal clusters in primary visual cortex and is not simply a phase summation artifact. Additionally, we found that stimulation at 40 Hz activates specifically the macular visual area, and that a region in Crus I of the left cerebellar hemisphere is activated with a pattern parallel to the one observed with occipital lobe activation.
